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Irreversible electroporation (IRE), also referred to as nonthermal pulsed field ablation
(PFA), is an attractive focal ablation modality for solid tumors and cardiac tissue due to
its ability to destroy aberrant cells with limited disruption of the underlying tissue archi-
tecture. Despite its nonthermal cell death mechanism, application of electrical energy
results in Joule heating that, if ignored, can cause undesired thermal injury. Engineered
thermal mitigation (TM) technologies including phase change materials (PCMs) and
active cooling (AC) have been reported and tested as a potential means to limit thermal
damage. However, several variables affect TM performance including the pulsing para-
digm, electrode geometry, PCM composition, and chosen active cooling parameters,
meaning direct comparisons between approaches are lacking. In this study, we developed
a computational model of conventional bipolar and monopolar probes with solid, PCM-
filled, or actively cooled cores to simulate clinical IRE treatments in pancreatic tissue.
This approach reveals that probes with integrated PCM cores can be tuned to drastically
limit thermal damage compared to existing solid probes. Furthermore, actively cooled
probes provide additional control over thermal effects within the probe vicinity and can
altogether abrogate thermal damage. In practice, such differences in performance must
be weighed against the increased time, expense, and effort required for modified probes
compared to existing solid probes. [DOI: 10.1115/1.4053199]

325 Stanger Street,
Blacksburg, VA 24061
e-mail: davalos@uvt.edu

Introduction

Irreversible electroporation (IRE), or nonthermal pulsed field
ablation (PFA), is a focal tissue ablation modality used to treat
solid tumors and arrhythmogenic cardiac tissue [1,2]. IRE is per-
formed by applying a series of short (1-100 us), high intensity
(1-3kV/cm) electrical pulses to elevate the transmembrane poten-
tial (TMP) of cells within the targeted region beyond a threshold
value (~1V). Once this threshold is exceeded, nanoscale
defects—or ‘“pores”—appear in the cellular membrane [3,4].
When several pulses of sufficient magnitude are applied, forma-
tion of large, long-lived pores leads to disruption of cellular home-
ostasis, eventually causing death through various pathways
[1,5,6]. Due to cell death relying solely on the induced TMP, IRE
is considered a nonthermal ablation modality; thus, it can be
employed in various scenarios where thermal ablation is contrain-
dicated [7,8]. This includes deep-seated tumors situated near vas-
cular and/or neural structures [9,10], as well as sensitive
myocardial tissue in which thermal ablation is associated with
numerous side effects [11].

In oncology, IRE is administered through two (or more) needle
electrodes inserted directly into the targeted region containing the
tumor prior to pulse delivery. In select instances, a single-
insertion bipolar probe (two electrodes integrated within the same
cylindrical shaft) is used [12,13]. For each treatment, the type and
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number of electrodes, as well as their spacing and exposure, are
carefully selected to ensure the targeted region is exposed to an
electric field of sufficient strength to induce cell death. Although
IRE relies on a nonthermal mechanism, ablating the desired treat-
ment region with zero thermal damage can sometimes be
challenging (Fig. 1).

Irreversible
Electroporation
- Necroptotic cell death
inducing anti-tumor immune
response

E&?:,;iigﬁon - Apoptotic cell death
i -Potential mild
;;’:;r;s&zgt pore pancreatitis
-No cell death
Fig. 1 If not actively considered in treatment planning and

delivery, irreversible electroporation can result in thermal dam-
age, which can cause undesirable side effects. The use of ther-
mal mitigation strategies reduces the likelihood of thermal
damage, minimizing the risk of adverse effects and improving
control over expected cell death mechanisms.
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The first modeling study on IRE showed that ablation and ther-
mal effects can be mutually exclusive phenomena within certain
constraints, and countless follow-up studies have determined opti-
mal parameters for ablation in different settings [14]. However,
undesired side effects due to temperature development remain the
foremost factor limiting the size of IRE ablations [15,16]. Clini-
cally, differences in institutional pulse administration protocols
and clinician experience can generate varying degrees of thermal
tissue injury, which are likely somewhat responsible for the range
of complication rates and oncological outcomes reported in the lit-
erature [13,17-19]. Even with moderate voltages, the steep poten-
tial gradient at the electrode boundaries can produce relatively
high electric fields (and thus, temperatures), leading to effects
such as tissue coagulation, denaturation of extracellular proteins,
and hemorrhage [20]. In rare cases, significant increases in electri-
cal current due to heating can pose the risk of electrical arcing
[21,22].

Despite these concerns, existing clinical pulsing protocols do
not actively consider temperature rise during IRE procedures. In
the absence of real-time feedback during pulse delivery, the risk
of thermal damage can vary widely between patients depending
upon the tissue being treated, electrode configuration and pulsing
paradigm, as well as patient-specific tissue properties [23,24]. For
example, a recent study estimated that approximately 30% of the
average IRE ablation volume experiences mild hyperthermia
(40-50°C), with 5% being exposed to temperatures in excess of
50°C [18]. As clinicians and researchers continually seek to
expand ablation volumes toward treating larger tumors, maintain-
ing the nonthermal aspects of IRE will be increasingly difficult
[25]. Additionally, recent work suggests that even when thermal
damage is unlikely, reducing mild-to-moderate thermal effects
could promote better immune activation [5,26], which could
enhance long-term treatment efficacy and lead to improved patient
outcomes [27,28]. Thus, solutions to mitigate and/or control ther-
mal effects in the vicinity of the electrodes are paramount to opti-
mizing IRE and other pulsed electric field (PEF)-based ablation
modalities for more widespread clinical adoption.

Several approaches to limit temperature rise during PEF
therapies—termed thermal mitigation (TM) strategies—have been
considered. These include innovative probe designs that integrate
heat-dissipating technologies as well as pulse paradigm adjust-
ments that allow tissue perfusion to disperse heat between consec-
utive pulses. Prior work has examined the feasibility of actively
perfusing a cooling solution through a bipolar probe [29], integrat-
ing phase change materials (PCMs) [30,31] or an endothermic

reaction [32] within the core of monopolar probes, and distribut-
ing applied energy into “cycles” where a subset of pulses is deliv-
ered across each electrode pair repeatedly until the total number
of pulses is reached [23]. A summary of these strategies, along
with advantages and drawbacks of each, can be found in Table 1.

Notably, each of these prior investigations was performed inde-
pendently, so it remains relatively unknown how different TM
strategies compare to one another. In this study, we numerically
compare the utility of two engineered TM strategies that have
been introduced and examined experimentally, as these are the
technologies most likely to be adopted in medical practice. To
build a more comprehensive understanding of how these TM tech-
nologies may perform in clinical scenarios, we determine treat-
ment conditions where thermal mitigation approaches are
necessary, then assess design and performance characteristics that
may affect the efficacy of either technology.

Methods

General Model Construction. Numerical simulations were
performed in comsoL MULTIPHYSICS 5.6 (Comsol, Stockholm, Swe-
den) to determine the electric field and temperature distributions
arising from a clinical procedure performed with various electrode
types. For simulations considering a single bipolar probe, a 2D
axisymmetric model was used to reduce computation time. For all
other simulations, a 3D model was used. In all cases, pancreatic
tissue was represented by an ellipsoid with dimensions of 15cm
x 15cm x 25cm. These dimensions were chosen to prevent
boundary effects while also allowing for an identical modeling
domain between 2D axisymmetric and 3D simulations. Electrical
field distribution and thermal effects were computed using com-
mon techniques [33,34]. Briefly, the electric potential distribution
at the end of a given pulse was calculated using a modified Lap-
lace equation under the electroquasistatic approximation (Eq. (1)),
and the resulting electric field distribution with Eq. (2)

~V - (a(|E], T)V®) = 0 )

E = -V 2)

where ¢ is the electrical conductivity, which depends on both the
local field magnitude |E| and temperature T, and @ is the local
electric potential. Equation (1) is valid given that the pulse width
is much longer than the charging time constant of cell membranes

Table1 Summary of previously introduced thermal mitigation strategies

Modality Configuration Mode of action Advantages Drawbacks References
Active cooling (AC) Bipolar — Applicator is cooled ~ — Efficient reduction — Cumbersome [29]
internally with of tissue electrode
water perfusion temperature — Requires external
equipment
— May require more
fixation devices
Phase change material Monopolar — Heat absorbed due — Moderate reduction — Limited by choice [30,31]
(PCM) to phase change of in temperature - No of PCM
embedded material change to clinical — Finite duration in
procedure which heat is
absorbed
Cycled pulsing Monopolar — Reduced number of — Simple change to — Only applicable to [23]
contiguous pulses pulsing paradigm multi-electrode
across a single that can limit tem- experiments
electrode pair perature rise due to — Potential increase in
cumulative pulses procedure duration
Endothermic reaction Monopolar — Heat absorbed due — No changes to clini- — Not reduced to [32]
to endothermic cal procedure - practice
processes Efficient reduction — Potentially compli-

in temperature rise
for a short time

cated to design/
implement
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Table 2 Material properties used in each modeling domain for solid-core electrodes

Material Symbol Description Value Units References
Stainless steel
p Mass density 7900 kgm™3 [29]
o Electrical conductivity 2.22 x 10° Sm™! [29]
k Thermal conductivity 15 Wm ' K! [29]
¢ Heat capacity 500 Tkg ' K! [29]
Insulation
p Mass density 2329 kgm™3 [29]
o Electrical conductivity 1x 10712 Sm~! [29]
k Thermal conductivity 0.2 Wm ' K! [39]
Cp Heat capacity 700 Jkg’1 K! [29]
Pancreatic tissue
p Mass density 1087 kgm™3 [40]
a0 Baseline electrical conductivity 0.118 Sm™! [38]
of Final electrical conductivity 0.268 Sm~! [38]
A Fitting parameter 2.5x 1073 cm V! [38]
Ege Transition zone midpoint 1738 Vem™! [38]
o Conductivity thermal coefficient 0.02 o ! [38]
a Linear fitting parameter 5.7 x107* Wm~!' K2 [35]
b Baseline thermal conductivity 0.506 Wm~'K™! [35]
cp Heat capacity 3164 Jkg 'K™! [40]
[ Average blood perfusion rate 1.39 x 1072 st [40]
Db Blood density 1050 kgm™3 [40]
Cpbr Blood heat capacity 3617 Jkg 'K [40]

(~1 us). One electrode boundary was set to ® = V|, and the other
set to ® = 0. External boundaries were considered insulating to
provide a worst-case approximation to thermal effects. After com-
puting the field distribution, tissue temperature was calculated
using the traditional Pennes bioheat equation with the addition of
a Joule heating term Q;

or

pcpE =V - (k(T)VT) + pycppn(Ty —T) + Oy 3)

Here, p and ¢, are the tissue density and heat capacity, respec-
tively, and p,, and c,, are the same for blood; w; is the blood per-
fusion rate; 7, is the temperature of blood (37°C); and tissue
thermal conductivity, k(T), was taken to have a linear dependence
on local temperature and computed as

KT)=a-T+b “)
where a and b are empirically determined fitting coefficients [35].
Initially, all domains were set to physiologic temperature (37 °C),
and all external boundaries were considered adiabatic unless oth-
erwise indicated. The Joule heating term was calculated in all
domains as
Qs = olEl’ )
and was scaled by the duty cycle—the product of pulse duration
and pulse frequency—as previously described [36]. Electropora-
tion results in a field-dependent increase in electrical conductivity
due to intra- and extracellular exchange of ions, and thermal
effects cause further increases at a rate of ~1-2%/°C. These
effects are captured through the following expression:

gr — 00

o(E[.T) = |00+ 1 5m E)

(1+a(T =To)) (6

where oy is the baseline electrical conductivity, of is the maxi-
mum (electroporated) conductivity, A is a fitting parameter deter-
mining how quickly the conductivity transitions from its native
state to fully electroporated, Eqe is the midpoint of the transition,
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o is the thermal coefficient of conductivity, and T is the baseline
temperature at which gy was determined.

Finally, thermal damage in the tissue domain was calculated
with an Arrhenius-type dose equation based on the temperature
over time at each point

Q= ‘[g’e*Eu/(RT(f))d, @)

where Q is the Arrhenius damage integral, ¢ is the frequency fac-
tor, E, is the activation energy, R is the gas constant, and 7(¢) is
the temperature at time ¢. Tissue exposed to Q values of 0.53 or
greater was assumed to be thermally damaged, as this has been
empirically estimated as the onset of irreversible thermal damage
in blood-perfused skin [37].

Unless otherwise indicated, tissue was modeled as pancreas and
assigned previously published dynamic electrical conductivity
parameters [38]. Properties assigned to each domain can be found
in Table 2.

Phase Change Material. Latent heat storage systems rely on
PCMs to store thermal energy for various applications. Due to
their high latent heat of fusion, PCMs absorb energy as they tran-
sition from solid (s) to liquid (/) while maintaining a nearly con-
stant temperature. In other words, when heated to their melting
point, PCMs require further energy to change phases, and until
this phase transition is complete, temperature remains stagnant.

Mathematically, heat absorption during the phase change was
modeled with the effective heat capacity (¢, eq) method by includ-
ing the latent heat of fusion (1) in the volume average of the spe-
cific heat capacity at constant pressure [31]

Cpeq = O(cps + AT) + (1 = ©)(cpy + AI) ®)
where O is the volume fraction of solid PCM, computed as
O =1—flc2hs[(T — Ty), Tr] ©)

in which flc2hs is a Heaviside function centered about the melting
temperature (7)) and stepping from 1 to O over the transition
range Tg. This function approximates the solid-to-liquid (s-/)

MARCH 2022, Vol. 144 / 031206-3



Table 3 Material properties and characteristics for actively cooled and PCM-core probes
Strategy Symbol Description Value Units References
PCM
p Mass density (s/1) 1520/1450 kgm™3 [30]
[ Electrical conductivity (s/l) 1.0/1.0 Sm~! [30]
k Thermal conductivity (s/1) 1.0/0.6 Wm ' K™! [30]
Cp Heat capacity (s/1) 1960/3430 Jkg‘1 K™! [30]
/. Latent heat of fusion 266 kIkg™! [30]
T Melting temperature 43 °C —
dr Temperature transition range 2 °C —
Active cooling
h Heat transfer coefficient 0.381 Wem2K™! [41,42]
Text Perfusate temperature 37 °C —
transition as a smooth step with a continuous second derivative,
reducing computational burden associated with true logical steps. Nu - k
In Eq. (8), IT is a normalized pulse occurring about T}, calculated h= D (17)

by taking the derivative of ® with respect to 7. In the PCM
domain, the temperature distribution was calculated in a similar
manner to that of the tissue domain but without perfusion
(Eq. (10)), and by using the volume averages of either phase to
calculate density (Peq) and thermal conductivity (keq)

or

(P)eg gy =V (keaVT) + Qs (10)
peq :®pv+(1 —9),01 (11)
keq = Oks + (1 — ©)k; 12)

Unless explicitly stated, material properties of the PCM were
taken from Ref. [30] and are listed in Table 3.

Active Cooling. Active cooling is a technology commonly
integrated within the core of delivery devices used for thermal
ablation to limit tissue charring immediately adjacent to the probe.
The core of the device contains two concentric cylinders such that
fluid flows in through the innermost cylinder before exiting via
the outer cylinder (Fig. 2). This allows for convective transfer of
thermal energy from adjacent tissue to the perfusate, limiting tem-
perature rise near the probe edge.

From a computational perspective, the core of the probe was
taken to be hollow, and a convective heat flux was assigned to the
perfusion channel boundary within the probe

—k-VT =h-(T - Tey) (13)

where £ is the heat transfer coefficient, T is the electrode tempera-
ture at the boundary, and 7. is the perfusate temperature. The
convective heat transfer coefficient was computed as previously
described and was found to be similar to values reported in prior
works with comparable channel geometries and flow characteris-
tics [41,42]. Briefly, the user-defined volumetric flow rate, along
with the diameter (D) of the perfusion inlet, was ysed to compute
the fluid velocity within the electrode shaft ‘Q/ = % . Next,
assuming material properties of water, Reynolds (Re) and Prandtl
(Pr) number were computed (Eqgs. (14) and (15)). Nusselt number
(Nu) for laminar flow within a pipe (Re <2100) was then calcu-
lated using Eq. (16), and from this /& was determined (Eq. (17))

V.D
Re =P VD (14)
u
Pr = % (15)
1/3 0.14
D
Nu = 1.86-Re'/?.pr'/3. (Z) (%) (16)
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In the above equations, p, u, ¢,, and k are the density, dynamic
viscosity, heat capacity, and thermal conductivity of water,
respectively; L is the length of the probe, and p, and pu,, are the
bulk and wall viscosity of the perfusate. In this work, w,/u, was
assumed to be unity given the relatively low temperatures
involved. Perfusate characteristics are given in Table 3.

Monopolar Bipolar
Configuration Configuration

Spacing I I_g'

A— N 8 :

Insulation
f—

ainsodx3

L —
—_—
ainsodx3g

Outer Diameter
—

Inner Diameter
— — Electrode

Thickness

p—y

AC PCM

AC PCM

Fig. 2 Schematic diagram of (left) monopolar and (right) bipo-
lar probe geometries employed in numerical models. In stand-
ard simulations, center-to-center spacing was 1.5cm, probe
diameter was 1.65 mm, and wall thickness was 0.2 mm for either
configuration. For the bipolar configuration, electrode expo-
sure was 7 mm, and insulation height was 8 mm. For monopolar
simulations, electrode exposure was 1 cm. A preliminary model-
ing study was used to ensure that either configuration resulted
in similar volumetric exposure to electric fields of 0-2500 V/cm
along with similar ablation volumes (data not shown).
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Fig. 3 Temperature distribution at the end of IRE treatment
with various probe types and geometries. The left column rep-
resents a bipolar probe with a (a) solid core, (c) PCM-filled core,
and (e) actively cooled core. The right columns illustrate the
same for monopolar probes with (b) solid cores, (d) PCM-filled
cores, and (f) actively cooled cores. In panels (a)—(d), contour
line indicates thermal damage (2> 0.53), taken 2 min after treat-
ment completion.

Modeling Approach. In both models, a voltage-to-distance
ratio of 1500 V/cm was applied across either the bipolar or
monopolar configuration (Fig. 2). Unless otherwise specified,
simulated treatments consisted of 100 pulses, each with a duration
of 100 us, delivered at a rate of 1 pulse per second. Except where
explicitly noted, probes were modeled after existing clinical devi-
ces [43]. The bipolar probe was assigned a diameter of 1.65 mm, a
wall thickness of 0.2 mm, an electrode exposure of 7mm (each),
and an insulation height of 8 mm. Monopolar probes were given
the same diameter and wall thickness, but the exposure was set to
I mm to coincide with demarcations on commercially available
devices.

First, clinically relevant variables expected to impact tempera-
ture rise were swept to determine the performance of different
integrated TM technologies under these conditions. To illustrate
this, pulse rate was selected, as it fluctuates from patient to patient
depending on their heart rate and plays a major role in temperature
development. Next, geometric parameters were assessed to deter-
mine impact of probe geometry on performance. Finally, we para-
metrically studied the effects of different PCM material properties
and active cooling flow characteristics.

Initially, the mesh was refined until less than a 1% difference in
electric field distribution along the x-axis was achieved, which
resulted in comsoL’s default “extra fine”” meshing option. All mod-
els were computed on a Dell Optiplex 7071 (Dell Technologies,
Round Rock, TX) with eight cores, an Intel Core i9 processor, and
32 GB of RAM. Bipolar models (2D axisymmetric) solved in
~2.5min while dual monopolar geometries (3D) required
~250min to solve. For details regarding model validation, please
refer to the Supplemental Material, hosted on the ASME Digital
Collection.

Results

The temperature distribution during the final pulse of a standard
clinical protocol is shown in Fig. 3. Peak temperatures for the
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Fig. 4 Impact of pulse delivery rate on temperature rise and
thermal damage. Temperature (a)—(f) at the tissue-electrode
boundary is shown for solid (a) and (b), PCM-filled (c) and (d),
and actively cooled (e) and (f) probes in either a bipolar (a), (¢),
(e) or monopolar (b), (d), (f) electrode configuration. Also
shown is the (g) volume of thermal damage for each case.

bipolar probe are located adjacent to the probe body alongside
either electrode, with the distal electrode experiencing marginally
more thermal effects than the proximal electrode (Fig. 3(a)). Simi-
larly, the monopolar setup exhibited maximum temperatures
within the vicinity of the tapered tip, with slightly less thermal
damage than corresponding bipolar cases (Fig. 3(b)). It is easily
observed that probes with integrated TM technologies have
reduced thermal damage (contour in Fig. 3) compared to those
without, and that active cooling is more effective than PCM
(Figs. 3(¢)-3(f)) under these pulse conditions.

To evaluate the significance of pulse delivery rate on perform-
ance of PCM or active cooling, a parametric study was performed
in which the delivery rate was varied from 1 pulse every 2s
(0.5Hz) to 2 pulses per second (2Hz) (Fig. 4). For solid core
probes, increasing the delivery rate from 0.5Hz to 2Hz corre-
spondingly increased peak temperature at the probe boundary by
~15°C (Figs. 4(a) and 4(b)). In the case of PCM-core probes, as
temperature approached 43 °C, the integrated PCM absorbed heat,
reducing temperature rise by 2—4°C throughout the treatment
duration in both the bipolar (Fig. 4(c)) and monopolar (Fig. 4(d))
arrangements, resulting in ~2°C lower peak temperatures com-
pared to the solid probes (Figs. 4(a) and 4(b)). In comparison to
the other probes modeled, temperature in the vicinity of actively
cooled probes was relatively unaffected by pulse rate and rose
only modestly during treatment; with pulses delivered at 2 Hz,
temperature rise was nearly 20 °C less with actively cooled probes

MARCH 2022, Vol. 144 / 031206-5
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Fig. 5 Probe design affects the performance of PCM-filled
probes but not actively cooled probes. Temperature along a
line moving radially outward from the electrode edge (a)—(h) is
shown for (a), (¢), (e), (g) bipolar probes and (b), (d), (f), (h)
monopolar probes with radii of (a) and (b) 0.5 mm, (c) and (d)
0.75mm, (e) and () 1mm, and (g) and (h) 1.25 mm. Center-to-
center separation was 1.5 cm for either probe configuration.

relative to the solid counterpart, and other active cooling cases
exhibited even less significant thermal effects. These observations
are further reflected by the extent of thermal damage. Across all
cases, thermal damage volume was reduced by ~40% with PCM-
filled probes compared to solid probes, while actively cooled
probes prevented thermal damage altogether (Fig. 4(g)).

Next, we examined probe geometry to determine the extent to
which design choices might impact the performance of either TM
technology. Within either probe type, outer wall thickness was
varied from 0.05mm to 0.3mm, and diameter from 1mm to
2.5mm. For small diameters (1-1.5mm), there was almost no
effect of incorporating PCM into the probe core for either arrange-
ment (Fig. 5). Conversely, temperature reductions appeared when
the probe diameter was adjusted to 2 mm, with 2.5 mm offering
the most significant benefit. When considering the actively cooled
probes, there was not a strong dependence on geometry and in all
cases, temperature was highest ~1 mm from the probe edge with
a slight decay thereafter (Fig. 5). Importantly, it appears that inte-
grated TM technologies can impact temperature within ~4 mm of
the edge of bipolar probes and ~3 mm for monopolar probes, with
little change in temperature relative to solid probes thereafter
(Fig. 5). In addition to probe diameter, outer wall thickness also
played a role in the efficiency of PCM-core probes (Fig. 6) but not
actively cooled probes (data not shown). Specifically, wall thick-
ness was especially important for bipolar probes with moderate
radii (0.75-1mm), with thinner walls leading to less thermal

031206-6 / Vol. 144, MARCH 2022

damage (Figs. 6(a) and 6(c)). In monopolar simulations, probe
radius dominated effectiveness of PCM-core electrodes, and wall
thickness was not as significant (Figs. 6(b) and 6(d)).

Finally, we investigated engineering and user-defined parame-
ters that may impact the effectiveness of thermal mitigation strat-
egies (Fig. 7). Because bipolar probes generally resulted in higher
temperatures, only this configuration was examined. Additionally,
since performance of the PCM-core probes was heavily dependent
upon geometry, probe radius for PCM probes was increased to
1cm, while wall thickness was maintained at 0.2cm. The
standard geometry was employed for actively cooled probes.
Figures 7(a)-7(c) demonstrates that changes to PCM material
properties impact its ability to absorb heat during pulse delivery.
With a relatively low heat of fusion (Fig. 7(a)), tissue temperature
is nearly identical regardless of k.q. On the other hand, increasing
/ (Figs. 7(a)-7(c)) has the strongest effect on temperature rise,
while keq had a clear impact when paired with higher values of /.
Of further note, the effect of k., appeared to plateau once it
reached its standard value. For actively cooled probes
(Figs. 7(d)-7(f)) with very low flow rates (i.e., 2/100), Tey Was
insignificant (Fig. 7(d)). However, by increasing the heat transfer
coefficient to //10 (Fig. 7(e)), tissue temperature peaked at
~20-30°C above T.. With i set to its baseline value (corre-
sponding to ~35mL/min (Fig. 7(f))), tissue temperature rapidly
approached 7.y prior to the onset of pulse application and
increased less than 5 °C during treatment.

Discussion

This work modeled and directly compared the theoretical abil-
ity of actively cooled and PCM-core electrodes to limit thermal
effects during IRE treatment. In addition to IRE, the benefits of
integrated TM technologies will translate to other PEF-based abla-
tive and nonablative modalities such as electrochemotherapy
(ECT) and electrogene transfer (EGT). Our data demonstrate that
the PCM approach was successful in reducing the risk of thermal
damage/necrosis, while the actively cooled approach markedly
reduced the risk of thermal damage compared to both existing
IRE electrodes and PCM-core probes. It is worth mentioning that
another engineered strategy, where an endothermic reaction takes
place within the probe core during treatment, has been proposed
[32]. This design could potentially offer similar or improved per-
formance relative to PCM-core probes within the same platform.
However, the endothermic probe has not been fabricated or stud-
ied experimentally, and it is not trivial to separate the reactants
prior to dissolution. Thus, we chose to omit the endothermic probe
from this study.

Throughout this work, actively cooled probes were effective in
preventing substantial temperature rise in the vicinity of the elec-
trodes in essentially every case, and no thermal damage was seen
except when perfusate temperature was elevated above physiolog-
ical (body) temperature. This suggests that active cooling is highly
efficacious regardless of the probe geometry and pulsing protocol
employed. Extrapolating these data implies that tissue conductiv-
ity plays only a minor role on the effectiveness of actively cooled
probes. Thus, for applications where temperature control and ther-
mal mitigation is an absolute requirement, actively cooled electro-
des should be considered. These probes may also be warranted in
specific clinical settings during which large ablation volumes are
targeted, or when inexperienced users are becoming familiar with
IRE and more prone to overtreating. They could also be useful for
maintaining tissue temperature at predetermined values during
treatment. For instance, perfusate temperature could be held a few
degrees above physiologic temperature, as moderate heating has
been shown to elicit magnified biophysical effects during certain
PEF-based therapies [44,45]. In contrast, with higher flow rates
and low perfusate temperatures, although thermal damage
becomes a nonissue, ablation size could be negatively affected.
Our models predict that with A=0.381W cm > K~' and
Texy =4 °C, ablation volume would be reduced by 30% versus

Transactions of the ASME



Journal of Heat Transfer

a b
( ) . 400 ( )0.3
350
0.25
—_ 300 _
£ - E ™
o 5
< [ €
ﬁ 250 £ g £
c ™ c ™
s 00 5§ S
£ AlE0. Al
© 150 & & =]
H H
100 0.1
50
. 0.05
0.5 0.75 1 1.25 0.5 0.75 1 1.25
Probe radius (mm) Probe radius (mm)
c d
( )0.3 400 ( ) 0.3
350
0.25 0.25
_ 300 o~
E o E o
< [ €
ﬁ 0.2 250 £ § 0.2 £
c © c ™
s 00 5§ S
£0.15 Al 015 Al
] 150 G 5 ]
H H
0.1 100 0.1
50
0.05 0.05
0.5 0.75 1 1.25 0.5 0.75 1 1.25
Probe radius (mm) Probe radius (mm)

Fig. 6 Impact of probe diameter and wall thickness on thermal damage accumulation for PCM-filled
probes relative to solid probes. Volume of tissue undergoing thermal damage (2 > 0.53) 2 min after treat-
ment completion is shown for (a) and (b) solid probes and (c¢) and (d) PCM-filled probes in either a (a) and
(c) bipolar or (b) and (d) monopolar configuration. Note different y-axis scales for (a) and (c) bipolar ver-
sus (b) and (d) monopolar cases.
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Fig. 7 Performance of PCM-core and actively cooled probes depends upon material properties and user-defined set-
tings. Temperature development during and after pulsing at the vertical midpoint of the distal electrode boundary is
shown for (a)—(c) a PCM-core and (d)—(f) actively cooled bipolar probe. For PCM-core models, the latent heat of fusion
was set to (a) /10, (b) 4, and (¢) 4 - 10, respectively, with each curve corresponding to a different effective thermal con-
ductivity (keq). For actively cooled models, the heat transfer coefficient was varied between (d) h/100, (e) h/10, and (1)
h, respectively. For PCM-core probes, @ was set to 2mm while @ = 1.65 mm was used for actively cooled probes.
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solid probes (data not shown). Thus, future efforts should be
devoted to quantifying ablative effects of actively cooled probes
under the influence of relevant parameters.

Despite the apparent advantages of actively cooled electrodes,
this technology is not without limitation. For example, using an
actively cooled electrode system requires an external peristaltic
pump to circulate perfusate through the probe and the ability to
regulate perfusate temperature if desired. Additionally, the probes
are heavier and more cumbersome due to the need for external
tubing, so additional fixation devices may be necessary to hold the
probe(s) in place. In specific instances such as prostate ablation,
this may be less concerning since a brachytherapy grid is used to
precisely place the IRE probes, stabilizers are already in use for
ultrasound transducer positioning, and the probes only need to be
inserted a few centimeters [46]. In addition, actively cooled
probes may offer further advantages since the prostate is highly
conductive (i.e., increased thermal effects) and dense with sensi-
tive vasculature and neural components [47-49]. For other deep-
seated or less conductive tumors in which a small amount of
thermal damage is acceptable, PCM-core probes might be the pre-
ferred option.

Probes with integrated PCM within the core acted to only mod-
erately limit temperature rise as compared to solid electrodes.
This effect was heavily dependent upon both the chosen pulse
parameters and the probe geometry. With high pulse rates, the
PCM completely melted, and temperature increased faster than in
the solid case for a few seconds shortly thereafter. Thus, if possi-
ble, treatment should be completed prior to PCMs completely
undergoing their phase transition. Intuitively, the most effective
probe geometries were those that maximized PCM volume (i.e.,
large radius and thin wall). Probes with diameters of 2mm or
more obviously reduced the peak temperature at the end of treat-
ment by 2-3°C. Interestingly, despite these seemingly modest
effects, the cumulative suppression of temperature development
over the course of treatment resulted in substantial reductions of
thermal damage (by 40% or more). Because thermal damage
depends not only on temperature but also time of exposure, the
steady 1-5°C reduction in temperature over the course of 100s
played a major role in mitigating thermal injury (Figs. 4 and 6).

For comparative purposes, we chose a salt hydrate PCM as
originally modeled by Arena and colleagues [30]. However, a
wide array of materials could be selected as the PCM within
probes used for IRE, with each exhibiting a unique melting point,
thermal conductivity, density, and heat of fusion. Each of these
characteristics contributes to the behavior of the PCM and its abil-
ity to prevent temperature development in different scenarios. For
IRE and PEF-based applications, the ideal PCM would have a
high density and latent heat of storage to allow the PCM to absorb
as much heat as possible given the limited volume of material that
can be stored within a needle electrode. Finally, a high thermal
conductivity would allow the PCM to conduct heat from the distal
region of the probe through the shaft, dispersing the thermal
energy among the entire volume of PCM and increasing its effec-
tiveness. Ideally, the phase transition should be initiated as early
as possible during treatment, but not completed prior to treatment
cessation. This could be tuned by selecting a PCM with an optimal
melting temperature. For long duration or high amplitude treat-
ments, the ideal T, is likely to be 5-10 °C above physiologic tem-
perature. For nonablative treatments such as ECT and EGT, T,
should be just above 37 °C since only a few pulses are adminis-
tered. For treatment of superficial tissues where probe bodies are
not inserted deeply, it may be ideal for 7, to lie near the midpoint
of physiological and room temperature. Attractive PCMs include
salt hydrates (as studied here) or metallic PCMs, but some eutec-
tics may also be desirable. A number of works comprehensively
summarize PCMs available for different applications [S0-52].

This paper is intended to directly compare engineered thermal
mitigation strategies, but it is important to highlight limitations to
the approach employed. First, a 3D model was used to simulate
the monopolar configuration, whereas a 2D axisymmetric
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numerical model was employed to simulate bipolar probes. While
this approach significantly reduced computation time, minor dif-
ferences may exist in the element shape and number between the
bipolar and monopolar models, which could have a small impact
on the calculated thermal effects. Additionally, we assumed the
electrical and thermal properties of pancreatic tissue for this study
since IRE is commonly employed for the treatment of unresect-
able pancreatic adenocarcinoma, and the pancreas is highly sensi-
tive to thermal damage. Thus, while the trends reported in this
paper are likely similar for other tissue types, the degree of tem-
perature development for other organ systems will depend upon
tissue-specific characteristics such as electrical conductivity, heat
capacity, thermal conductivity, and extent of blood perfusion. It is
also important to reiterate that TM strategies help reduce the risk
of thermal injury within the immediate vicinity of the electrodes.
However, certain scenarios may arise where more Joule heating
occurs outside the region of influence of either integrated TM
strategy. This is conceivable particularly for electrode setups
designed to expose large tissue volumes to elevated field strengths
[53,54].

Conclusion

Irreversible electroporation is a focal tissue ablation modality
used to treat a variety of solid tumors and cardiac arrhythmias.
Though cell death occurs predominantly via nonthermal proc-
esses, Joule heating can arise in the vicinity of electrodes due to
the nonlinear electric field distribution. Integrated thermal mitiga-
tion strategies including active cooling and phase change materi-
als have been introduced to limit thermal effects. Here, we
numerically studied different clinical and engineered parameters
that can affect the performance of thermal mitigation modalities.
Our data indicate that probes with either technology will limit
thermal damage. Performance of probes with PCM cores is highly
dependent upon the properties of the PCM, applied pulse parame-
ters, and probe design choices. Conversely, active cooling effi-
ciently mitigates thermal damage regardless of probe size or
applied pulse parameters and can be tuned to maintain tissue tem-
perature at a predetermined value. Because PCM-core probes are
less cumbersome and likely more cost-effective compared to
actively cooled probes, it is important to consider the drawbacks
relative to the benefits of each system compared to existing IRE
probes for specific case use.
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Nomenclature

AC = active cooling

ECT = electrochemotherapy

EGT = electrogene transfer

IRE = irreversible electroporation
PCM = phase change material
PEF = pulsed electric field

PFA = pulsed field ablation

T = temperature
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TM = thermal mitigation
TMP = transmembrane potential
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